in European S. alba (Mill.) E.H.L.Krause. Silene vulgaris (Moench) Garcke and 2 subspecies of S. uniflora Roth. also show seed ornamentation polymorphism (Runyeon and Prentice, 1997) . Melzheimer (1977) classified testa cells into 4 types based on their shapes and argued that the shape of the testa cells was a new and significant diagnostic criterion to distinguish species and subspecies in Silene. Pirker and Greuter (1997) , having studied 8 Greek taxa of Silene subgenus Conoimorpha (Otth) Endl., found considerable variation in many seed features but were able to define 3 clearly different types characterizing species groups. Ghazanfar (1983) worked on 75 taxa of perennial Silene, which she assigned to 5 types depending on seed morphology. Hong et al. (1999) worked on 8 Korean Silene species. They grouped them mainly into 2 types and prepared an identification key based on seed morphology. El-Oqlah and Karim (1990) studied the seed morphology of 22 Jordanian Silene taxa and classified them into 5 groups. Yıldız and Çırpıcı (1998) gave the seed morphological features of 19 Turkish Silene taxa but did not specify a grouping. Seed morphological characters including seed shape, color, and size; shape of hilum, ridge (wing, shoulder), and lateral and dorsal faces; and ornamentation of testa cells were used in descriptions of the Silene taxa in some systematic works (Chowdhuri, 1957; Melzheimer, 1977; Greuter, 1995) . Melzheimer (1988) provided seed micrographs to assist researchers in differentiating Silene taxa in Flora Iranica, but did not use them in the description of taxa or in the identification key.
The main purpose of this work is to determine the seed micro-and macromorphological characters of Turkish Silene and assess their value in delimiting the examined taxa in the present study. To the best of our knowledge, detailed seed features of more than half of the taxa currently studied are reported here for the first time.
Materials and methods
We examined 36 Silene species (39 taxa) belong to S. sect. Siphonomorpha Otth, sect. Lasiostemones Boiss., sect. Sclerocalycinae Boiss., sect. Chloranthae Rohrb., sect. Tataricae Chowdh., and sect. Otites (Adans.) Otth. according to Flora of Turkey and the East Aegean Islands (Coode and Cullen, 1967; Davis et al., 1988; Tan and Vural, 2000) . The seeds were mainly collected from natural populations except for the seeds of Silene cartilaginea, S. viscosa, and S. eremitica, which were stored in GAZI and ISTF. Locality information and voucher numbers of the examined taxa are given in the Appendix (on the journal's website). Seed length, width, and thickness were measured with a digital caliper. The cell patterns of the hilum, ridge, and lateral and dorsal faces of the seeds were observed with the help of an Olympus SZ60 stereomicroscope at magnification of 10-60× and other seed traits such as width and length of testa cells, width and length of teeth of testa cells, and length of tubercle were measured or observed from scanning electron microscopy (SEM) micrographs.
At least 5 mature and intact seeds for each population were selected and were then directly mounted on a stub using double-sided adhesive tape without any pretreatment and coated with gold with a Polaron SC7620 sputter coater. The seeds were then examined and photographed with a LEO 440 scanning electron microscope with an accelerating voltage of 20 kV at the Erciyes University Technology Research and Developing Center. Details were observed at standard magnifications of 200× and 1000×, but the entire seeds were photographed at different magnifications due to their different size.
On average, 30 measurements were made for all quantitative characters except for tubercle length, which was based on 10 measurements. Seed length, width, and thickness could not be measured in 6 populations among the 70 examined populations due to a lack of a suitable number of mature seeds. Statistical testing was carried out by one-way analysis of variance (ANOVA) at 95% confidence interval. The Duncan test, which is one of the post hoc multiple comparisons of one-way ANOVA of SPSS 13, was used to detect the mean differences in seed dimensions.
Data including the mean values of the 12 quantitative characters (Tables 1-4) were analyzed by NTSYSpc v.2.1 software (Rohlf, 2000) . The similarity matrix inferred from correlation values was used to construct a dendrogram resulting from the unweighted pairgroup method with arithmetic average (UPGMA). By estimating the cophenetic correlation for the dendrogram and comparing it with the similarity matrix using Mantel's matrix correspondence test (Mantel, 1967) , the representativeness of the dendrograms was evaluated. The cophenetic correlation coefficient (r) was obtained as a result of this test, which indicates how well a dendrogram represents similarity.
Since qualitative characters (Table 5) were variable within a population, an individual seed, and even a cell, we did not carry out statistical analyses on qualitative values.
The terminologies of Stearn (1992) , Punt et al. (1994) , and Barthlott (1981) were adopted to describe the morphology and the SEM features of the Silene seed coat. The abbreviations of the authors of plant names follow Brummitt and Powell (1992) .
Results and discussion
Values of 12 quantitative and 10 qualitative seed traits observed or measured from 39 Silene taxa are given in Tables 1-4 and Table 5 , respectively. SEM photographs for each taxon, showing seed character variations, are given in Figures 1-43 . It was determined that Silene seeds exhibit both macro-and micromorphological variation within and between taxa, even in the same population, and sometimes in an individual seed.
Seed shape is dominantly reniform, with various degrees of deviation, but orbicular, semiorbicular, rectangular, flabellate, trapezoidal, ovate-triangular, and heart-shaped seeds were also observed occasionally in some seeds among all of the examined taxa. Figure 1 shows the seed shape variations among the examined Silene taxa. Melzheimer (1977) grouped Silene testa cells into 4 types, which are not taxon-specific. As shown in Table 5 , often more than one type of testa cells occurs in a given taxon and even in a single seed (Figure 2a ). In addition to the cell types described by Melzheimer (1977) , stellate and cordate testa cells were observed (Figure 2a) . The dominant testa cell types are given in Table 5 for each taxa. The testa cells of Silene taxa also have more than one kind of tooth shape in the different cells of a seed or even in the same cell ( Figure 43 ).
The length of testa cells is 2.69-9.3 times their width and they are arranged parallel to each other, radiating from the hilum toward the dorsal side of the seed. Cell direction is continuous on the dorsal side of the seeds. Generally there is a ridge at the junction of the dorsal and lateral sides that is mostly composed of a single cell layer. Sometimes there is no ridge, and sometimes it is salient and resembles a wing (Figure 3) . The absence or presence of a ridge and, if present, its thickness is not a stable character within taxa. Ridges were observed in different percentages (2%- 90%) in the studied taxa. Percentages sometimes differ among the populations of a same taxon. Two populations of Silene manissadjianii have a high percentage of ridged seeds (MUFE 12102, 12138 ) and 2 others a low percentage (MUFE 12100, 12136) . If the percentage of ridged seeds is low, it is considered that the ridge is absent for the purposes of Table 5 . The ridge pattern is given in Figure 3 .
Tubercles are mostly rounded or conical, rarely cylindrical (S. confertiflora), rarely flat, or even depressed and crater-like on the dorsal side (Figure 2c) , most commonly at the apex of tubercles.
Inflated, rounded tubercles in some taxa (S. italica subsp. italica, S. splendens, S. gigantea subsp. gigantea, S. gigantea subsp. rhodopea, S. phrygia, S. manissadjianii, and S. paphlagonica) have a central mammilla (Figures 5c, 6c, 7c, and 19c) , best visible in lateral view ( Figure  2b ). There is a considerable amount of polymorphism in terms of mammilla formation. No mammillae are found in members of Silene sect. Sclerocalycinae, sect. Tataricae, and sect. Otites, but S. paphlagonica seeds belonging to S. sect. Chloranthae have mammillae while those of the other species of the same section, S. viscosa, do not. Only 2 (MUFE 12138 and 12136) out of 4 populations of S. manissadjianii (sect. Lasiostemones) have mammillae. Mammillate seeds are very common in all members of S. sect. Siphonomorpha, except S. fruticosa, S. amana, and S. viridiflora. On the other hand, one population of S. italica has mammillae (MUFE 12428), but another does not (MUFE 12054), and in 2 some but not all seeds have mammillae (MUFE 12105 and 12098) . Presence of umbonate tubercles was used as a character to describe seed type by Ghazanfar (1983) . None of the seed characters were found to be consistent for all studied taxa for grouping. Greuter (1995) reported that presence of mammillae, testa cell shape, and granulation were quite variable within certain species or even populations, which is in agreement with our results, and he also reported that these characters were constant in other species.
The quantitative characters such as length and width of seeds, testa cells and their teeth and their ratio, number of teeth per testa cell, and tubercle length show great variation. Generally these characters are not stable within sections, and their values overlap between sections (Tables 1-4). The topology of the UPGMA based on the numerical data ( Figure 44 ) does not verify the traditional sectional grouping. None of the populations of studied taxa displayed similarity for all 9 quantitative characters (Tables 1-4). For example, of the 9 quantitative seed characters measured, 3 (seed length and thickness; testa cell length), 4 (testa cell width and length; teeth number and width), 5 (seed length and thickness; testa cell length; teeth number; tubercle length), 6 (seed width, length, and thickness; teeth number and width; tubercle length), and 7 (seed width, length, and thickness; testa cell length; teeth number and width; tubercle length) quantitative seed characters showed interpopulation variation in, respectively, S. caesarea, S. laxa, S. swertiifolia, S. longipetala, and S. capitellata (Tables  2 and 3 ). The highest fluctuations of these values were found in members of S. sect. Sclerocalycinae (Table 3) .
A similarity matrix was calculated using the mean values of quantitative data based on correlations between populations. A similarity dendrogram was constructed using UPGMA (Figure 44 ). The cophenetic correlation between the ultrametric similarities of the tree and similarity matrix was 0.71, suggesting that the cluster analysis poorly represents the similarity matrix. The variation between populations and taxa was high. The populations studied had correlation values ranging from -0.25 to 0.98. Except for S. viscosa and S. paphlagonica, species of the same section were not found in the same cluster and the populations of a species did not cluster together. For example, conspecific populations of S. marschallii, S. caramanica, S. manissadjianii, S. lasiantha, S. italica, and S. capitellata did not cluster but were dispersed throughout the tree (Figure 44 ), meaning that seed characters did not correlate with other morphological features. Only quantitative characters were used for cluster analysis, since the qualitative characters (e.g., testa cell type, tooth shape) were inconsistent even within one and the same seed.
In some studies that emphasized the variation between taxa in Caryophyllaceae only one population per taxon was studied (Crow, 1979; Yıldız and Çırpıcı, 1998; Yıldız, 2002; Minuto et al., 2006; Kaplan et al., 2009; Poyraz and Ataşlar, 2010) . They did not mention how many individuals were considered (Crow, 1979; Kaplan et al., 2009 ), or did not record the numbers of either populations or individuals (El-Oqlah and Karim, 1990), so they might have missed possible intra-and interpopulation variation. On the other hand, Wofford (1981) , who worked on 13 Arenaria taxa from the United States using mostly 2 or 3 populations of each, detected polymorphism of seed surface ornamentation in A. glabra and A. muriculata. Maguire and Wyatt (1984) , who studied 9 populations of Arenaria uniflora, while detected little overlap between populations in terms of seed length but did observe variation in seed surface pattern, testa cell teeth, and thickness of seed coat. Runyeon and Prentice (1997) , who studied at least 15 populations of Silene vulgaris and 2 subspecies of S. uniflora, emphasized that all taxa showed polymorphism in seed ornamentation (tubercled or smooth). Ghazanfar (1983) grouped 75 perennial Silene taxa belonging to 10 sections in 5 groups. Differentiating characters of the groups are not very distinctive. Tubercles and granules are either present or absent in groups of 1 and 3 and 2 and 3, respectively. Having a wing-like outgrowth on the dorsal edges of the seeds that we call the ridge, group 4 was distinguished from others, and ridge formation show variation within populations in our study. Silene sections contain more than one group according to Ghazanfar. She observed structural variation in seeds of S. italica, S. spinescens Sm., S. nutans L., and S. coutinhoi Rothm. & P.Silva, which are also represented in more than one group. Ghazanfar reported smooth testa cells especially in S. sect. Siphonomorpha, sect. Sclerocalycinae, and sect. Auriculatae (Boiss.) Schischk., but we observed that every taxa studied had granules (fine, medium, coarse) on testa cells (Figures  4-42 ; Table 5 ).
El-Oqlah and Karim (1990) grouped 22 Silene species of Jordan belonging to 12 sections in 5 groups depending on seed shapes (rounded, ear-shaped, and reniform), either presence or absence of tubercle, and some additional exotesta sculpturing. The groups of El-Oqlah and Karim bear species of different Silene sections than in Ghazanfar's grouping. We observed that seed shape is dominantly reniform in our study, but it shows very much variation within a taxon. Tubercle length is also a variable character within populations (Tables 1-5) . Pirker and Greuter (1997) worked on 7 taxa of Silene sect. Conoimorpha Otth and monospecific S. sect. Lydiae Greuter. They emphasized that seed surface was quite variable within some of the taxa and sometimes within populations, especially the presence and size of tubercles, but they identified 3 seed types according to either presence or absence of tubercles and width and number of testa cells. Species of a monospecific section consisting of a group and S. sect. Conoimorpha taxa were separated into 2 groups. Groups of Ghazanfar (1983) , El-Oqlah and Karim (1990), Pirker and Greuter (1997) , and our results ( Figure  44 ) do not correlate with the sectional classification of Silene. Greuter (1995) reported morphological variation within a taxon such as inflorescence types and shape and ciliation of calyx teeth. The failure to establish correlation may originate from seed character variations and the variation in morphologic characters. We observed variation in all species of which more than one population was examined, and we abstained from constructing groups due to instability of seed characters and studying 24 taxa from only a single population while 15 taxa were from more than one population. The single exception for the family Caryophyllaceae is a paper by Hong et al. (1999) , who did not report any intraspecific variations in 8 Korean Silene species although they worked mostly on 2 populations per taxon and the main grouping character was dorsal groove of seed, either distinct or not distinct, which is closely related to ridge pattern. Distinction level of the dorsal groove is proportional to the appearance of the ridge.
In conclusion, the micro-and macromorphological seed characters of Silene show both intra-and intertaxon variation. Features such as shape of seeds, testa cells, and testa cell teeth; absence, presence, or frequency of ridges, mammillae, and granulation; etc. do not correlate with the sectional classification of Silene as reported by Ghazanfar (1983) . The dominant state of qualitative seed characters can be used to differentiate one Silene taxon from another as a supplementary criterion, as stated by Ghazanfar (1983) and Greuter (1995) . However, as we observed that every seed character shows some degree of variation, it is advisable to study several specimens from numerous populations in order to detect the full range of variations of seed characters in any Silene taxon.
